Ceramic/polymer composites made of calcium-modified lead titanate grains in the matrix of a copolymer of vinylidene fluoride and trifluorethylene, in a 65:35 volume fraction percentage, respectively, were produced in order to obtain mechanically strong ferroelectric films with improved piezo-and pyroelectric properties. Their poling behavior was studied using a modified ferroelectric hysteresis measurement setup that allowed for the measurement of the remanent polarization P, and coercive field E,, as a function of the peak of the sinusoidal applied field, the fresuency of the excitation, and the poling temperature. The ranges of variation of the electric field, frequency, and temperature were from 5 to 25 MV/m, from 0.04 to 2 Hz, and from 50 to 120 "C!, respectively. Estimates of the activation field and saturation polarization were calculated based on these measurements. The observed properties in the ferroelectric composites were then compared and correlated with the properties of the ceramic material.
I. INTRODUCTION
Ferroelectric composites are usually a mixture of a ferroelectric material embedded in a polymer matrix. The aim of these materials is to exhibit the high piezoelectric and pyroelectric coefficients of the dispersoid while retaining some of the properties of the polymer such as the ease of manufacture and flexibility which could allow for a lower manufacturing cost of the related sensors/related devices. Various approaches have been successfully tried in which both the constituent materials and their connectivity have been varied. While the impact of the constituents materials on the resulting properties may be obvious, the connectivity pattern can be as well an important factor in determining the final properties of the composite. ' The connectivity is usually denoted by two digits in which the first digit specifies the dimensions in which the ceramic is self-connected while the second digit describes the same quantity for the polymer phase. There are ten possible combinations of connectivity for a diphasic material of which the most important configurations are the O-3 and the l-3 connectivity patterns. The composites described in this article are of the O-3 connectivity type as they have grains of ceramic powder dispersed in a polymer matrix. However, the large grain size of the ceramic dispersoid compared with the thickness of the sample may approximate to a certain 1-3 connectivity character to these composites.2
To induce piezoelectric and pyroelectric activities, a ferroelectric composite must undergo a poling procedure in order to orient the spontaneous polarization of the ceramic phase. A common method to observe this process is through a hysteresis loop where a sinusoidal field is applied to the sample while the polarization reversal current and/or charge is continuously monitored. These measurements allow a determination of the remanent polarization ') (the amount of polarization after the poling field is removed) and the coercive field (the field required to switch back the previous polarization to make the sample net polarization zero) which are characteristic features of the ferroelectric materials. In the case of PZT:epoxy resin (where PZT is lead zirconic titanate), mixed 1-3 and O-3 connectivity composites,2 the remanent polarization P, has been found to lie in the range of 127-2.8 mC/m2 while the coercive field E, was found to be between 1.3 and 1.8 MV/m. It was further observed that samples with higher O-3 connectivity character had a lower remanent polarization and a higher coercive field because of the decrease of the local field in the ceramic particles, caused by the shielding action of its low permittivity and conductivity matrix. The measurement of the hysteresis loop can be difficult in materials with low polarization and high permittivity and/or conductivity which are inherent with many composites.3 Various techniques have been devised to deal with this situation which include a method that measures the bipolar and the unipolar current measurement in succession to find the true polarization current.4 Another technique uses the value of the small signal resistivity and capacitance measurements to calculate the current which is subtracted from the total measured current4 while, in yet another technique known as the modified Sawyer-Tower circuit,S*6 a parallel resistance is connected in parallel with the measuring capacitor whose magnitude is such as to match the conductivity of the sample. A new technique is reported here which improves the observation of the polarization current based on the simultaneous measurement of the current of a sample to which a bipolar voltage is applied, and that of two other reference samples to which a unipolar field is applied (i.e., either positive or negative), whose values are used to find the true polarization current of the first sample. The present method should prove to be a more convenient way to measure readily the polarization of a ferroelectric.material with nonideal capacitive and/or conductive behavior. The composite material was obtained through the following procedure (see Fig. 1 ) : The host polymer [i.e., P(VDF/TrFE) 75:25 mol %] was melted in a hot rolling mill at approximately 170 "C. The ceramic grains of calcium-modified lead titanate (PTCa) , were then gradually introduced into the polymer melt, up to the required volume fraction, while mixing until all the ceramic was evenly distributed in the composite when a uniform color and texture were observed. The ceramic grains were previously obtained by quenching a ceramic block from a high temperature which produced a coarse grain size of about 10-60 pm and probably with a small mechanical damage inflicted in the ferroelectric domains. This composite sheet was then pressed at 165 "C temperature and 4 kPa pressure to produce films in the thickness range of 50-100 ,om. Aluminum electrodes of N 1000 8, thickness were then evaporated on both sides of these films.
The resistivity of this material as well as that of PTCa and P (VDF/TrFE) were measured by applying an electric field of 3, 0.3, and 6 &IV/m, respectively, at temperatures ranging from 50 to 120 "C!, while recording the steady-state current with a Keithley electrometer model 616. In each case a field was chosen such that a negligible polarization of the sample would occur. The dielectric constant was also measured in the same temperature range at 1 kHz with a Wayne-Kerr capacitance bridge.
Hysteresis measurement
For the hysteresis measurements the sample was immersed in silicone oil, to reduce arcing, whose temperature could be controlled through a hot plate. A function generator was used to provide a small voltage signal with the suitable shape, amplitude, and frequency which was then amplified with a TREK 610C HV power supply in a 1:lOOO ratio. This voltage was applied to the aluminum electrodes of the samples through spring contacts.
The hysteresis measurements were performed by measuring the current while applying a high-voltage sinusoidal field to the sample. This current consists of the following three main components: (i) a capacitive current; (ii) a resistive contribution, possibly nonlinear at high fields; and (iii) the polarization or switching current due to the orientation of the spontaneous polarization of the ceramic. The contribution due to the last component mentioned above is of most interest in this experiment which features a memory effect after switching off the field. In composite samples, a large resistive current is usually superimposed over the measured switching current which obscures its true value. In order to compensate for this effect, which is stronger at low frequencies of the applied field, three identical samples were used. On applying a full wave ac high voltage to the three samples (Fig. 2) ) samples A and B will be poled during the first positive half-cycle while the sample C remains unpoled. During the first negative half-cycle sample C is poled together with sample A in which the polarization is now reversed (i.e., switching). The polarization of sample A undergoes repetitive switching in polarity with time while samples B and C remain polarized in the positive and negative directions, respectively, with the progress of time. Thus, when an equilibrium is established only the resistive and capacitive components of the current will flow through samples B and C while sample A will have the polarization current as an additional component (see Fig. 2 ). Since the current for all three samples was measured with operational amplifiers in real time it was possible to subtract the reversible current from the switching current by the use of an appropriate electronic circuit [see Fig. 2 ). The polarization current It,,,, is given by
where I, and I-are the positive and negative half-wave currents in samples B and C, respectively, and a and p the adjusting proportionality factors to allow for variations in the thickness and area of the samples.
The latter parameters were implemented by means of potentiometers (see Fig. 2 ) and the procedures to determine their values were as follows. Initially a full-wave ac (bipolar) voltage loop was applied to the three samples while monitoring the voltage at point V of the electronic circuit (Fig. 2) , which is proportional to the sum of currents I+ and I-. The potentiometer a was then set in such a way that the voltage at the point V was continuous when the applied voltage went from the negative to the positive polarity. After the correct adjustment of the potentiometer for the parameter a, a high-voltage oscillating field with a dc offset (i.e., unipolar field) was applied to the three samples to allow for the determination of the p parameter. The unipolar field consisted of applying either an oscillating field with a positive or negative dc bias, thus implying that the measured current is only due to the capacitive and resistive components. Consequently the potentiometer was set in such a way that IPol was as close to zero as possible.
It should be noted that in this procedure all the contributions to the current which have no memory are automatically subtracted, including the capacitive current. The rectifier diodes (Fig. 2) were used to block either the positive or the negative voltage while a resistance was used in parallel with the sample to allow it to discharge when the voltage decreased from its maximum value to zero. The value of the resistance was chosen so that the inverse of the time constant of the discharge process was much greater than the frequency of the applied voltage. The polarization current was then digitized with an oscilloscope and transferred to a computer to calculate the polarization charge by integrating the measured current. A ferroelectric hysteresis loop was then drawn, from which the remanent polarization, the coercive field, and other parameters were determined. Figure 3 shows a comparison of ferroelectric hysteresis loops obtained with and without using the abovementioned compensating circuit. These loops were obtained at 90 "C, the frequency of the electric field excitation being 0.1 Hz while the thickness of the sample was 75 pm. Hysteresis loop 1 shows the nature of variation of the total current through sample A whereas loop 2 represents the current through the same sample from which the resistive and capacitive components have been subtracted.
Ill. RESULTS AND DISCUSSION
The flatness of the polarization curve may be noticed when the field decreases from its maximum value in the compensated loop, when compared with the uncompensated case. It is evident that no further enhancement of polarization occurred when the field decreased below =I=20 MV/m. This flatness also ensures that the resistive current component is not contributing to the polarization current. Figure 3 (insert) shows the difference in polarization between the two loops 1 and 2 and this difference, i.e., the elliptical form of the polarization component arises from the dielectric loss of the material and not from its ferroelectricity. This curve has been fitted to a lossy dielectric model to obtain the dielectric constant of 119 and tan S value of 0.15 at 0.1 Hz, which are in good agreement with the experimentally measured values. A discontinuity of slope near zero field is apparent in this curve because the positive conducting diode switches off at + 1.5 V while the negative one is switched on only at -1.5 V. The subsequent results reported in this article have been obtained from ferroelectric loops using the compensating technique. After the unipolar voltage cycling, undertaken to determine the proportionality factors a and fl mentioned above, it was observed that in the initial bipolar loops the polarization current was not symmetric for positive and negative fields, suggesting that the polarization does not switch entirely to the opposite direction to which the unipolar field was previously applied. It is only after repeated cycles that a symmetric behavior is obtained. This effect of the waiting time on the polarization behavior has been attributed to space charge'*' or to a molecular reorientation kinetic effect.4 Our practice was to allow enough bipolar cycles (around 10) until a symmetric wave ,form was obtained before actual measurements were recorded.
Hysteresis loops have been recorded as a function of the Peak of the sinusoidal field for temperatures of 50, 90, and 120 "C. The range of the applied field was between 5 and 26 MV/m, the latter value being close to the breakdown strength of the composite material. Due to the lower breakdown strength of the ceramic compared to the polymer its magnitude for the composite material is very dependent on the size of -ceramic grain in relation to the thickness of the sample. The difficulty in poling this composite, which has a mixed-type connectivity, lies in the fact that the field limitation prevents the poling of the smaller grains which are isolated in the polymer matrix; The tem- perature was not raised beyond 120 "C! to prevent the softening and melting of the composite. Figure 4 shows the nature of the remanent polarization at different temperatures from which it may be observed that a maximum polarization value of 170 mC/m2 occurs at 120 "C at a field of 26 MV/m which is close to its breakdown field. Figure 5 shows the remanent polarization as a function of the frequency at 100°C for 16 and 26 MV/m, i.e., the peak values of the applied field, from which it may be observed that the polarization seems to increase with decreasing frequency with an indication of reaching a saturation level at frequencies below 0.1 Hz and at a field of 26 MV/m. However, such a saturation is not observed for the lower value of the oscillating field.
The remanent polarization and the coercive field as a function of the temperature for an applied field of 30 MV/m and frequency of 0.1 Hz are shown in Figs. 6 and 7, respectively. A saturation of the remanent polarization was observed for temperatures approaching 120 "C while the coercive field increased from 12.5 to 15.5 MV/m with increasing temperature.
Landauer, Young, and Drougard' have proposed a simple relaxation equation for the polarization reversal which is given by Ipol=g=v(Ps--P) =vo exp -2 (P,-P), ( 1 2) which states that the polarization P changes toward its equilibrium or saturation value P, at a field activated rate Y. In IQ. (2)) v. is a rate constant independent of the field, E, is the activation field, and E is the applied field. When the polarization switches from one direction to the other its value must go through zero and at that instant a simple relation holds for the polarization current IO, which is given by the following equation:
where EC is the coercive field. The value of E, may be obtained from the slope of a plot of log(I,)/( l/E,) while its ordinate on the vertical axis gives the magnitude of YOP,. To allow for the determination of these characteristics, various hysteresis loops were recorded in which the amplitude of the applied field was increased, which caused a corresponding increase in the coercive field as well as in the current IO. Figure 8 shows such graphs at temperatures of 50,70,90, and 120 "C while in Table I ization is about P,=O.17 C/m', which can be a valid assumption based on Fig. 6 , an estimate for Y,, was also computed.
The activation field is thus seen to lie between 17 and 23 MV/m while the rate constant is in the range of 8. [8] [9] [10] [11] [12] [13] [14] [15] [16] Hz in the temperature range of 50-120 "C.
Using the values of activation field E, and rate constant v. at 90 "C! we have simulated the current (see Fig.  9 ), measured in the hysteresis loop of Fig. 3 . The calculation of the current involved the numerical solution of Eq. (2) using the saturation polarization P, as a fitting parameter. The experimental current and the calculated curve in which a saturation polarization P, of 97 mC/m2 was used are shown in Fig. 9 . The discrepancy between the value used for the calculated curve (P,=97 mC/m2) and that of the experimentally observed saturation polarization (Ps(expt) = 170 mC/m') can be understood if we assume that a distribution of activation fields exists in the composite as a result of the existence of a distribution in the grain size of the ceramic powder in the polymer matrix. It can be expected that the larger ceramic grains, comparable in size to the sample thickness, will experience a greater field than the finer particles, as explained before. As the agreement between the experimental and the calculated values of current is better at the beginning of the switching phenomenon, it may be suggested that during this period the large ceramic grains were able to switch with an activation fleld of 18 MV/m providing a saturation polarization of 97 mC/m2. However, the switching was still in progress at FIG. 9. Simulation of the current measured during the measurement of the hysteresis loop shown in Fig. 3. longer times for the smaller ceramic grains as can be evidenced in the experimentally observed values of the current.
IV. CONCLUSIONS
An experimental procedure to measure the true polarization of a composite has been outlined and used to determine the remanent polarization and coercive field in a material made with calcium-modified lead titanate powder dispersed in the matrix of a copolymer of vinylidene lluoride and tritluoethylene. It was observed that the magnitude of the composite was greater than that of the ceramic by a factor of 2 while its coercive field was higher than that of the ceramic by the same amount. These effects are to be expected because of the presence of the shielding effect of the ceramic by the polymer matrix. The experimental hysteresis loops allowed also a determination of a value for the activation field of 18 MV/m which may be identified with that of the larger ceramic grains in the composite.
